Pseudomonas aeruginosa was shown to utilize the majority of commonly occurring amino acids for growth as either the sole carbon or the sole nitrogen source. During carbon or nitrogen deprivation, the rates of transport of most of the amino acids remained unchanged; however, the transport rates for glutamate, alanine, and glycine increased under these conditions and the transport rates for leucine and valine decreased. Normal transport rates for these amino acids were resumed immediately upon the addition of the required nutrient. In the absence of an external source of carbon or of nitrogen, pool amino acids underwent rapid degradation. "4C-Amino acid pulse experiments indicated that the constitutive amino acid catabolic enzymes, normally present in the organism during growth with glucose as the carbon source, were responsible for rapid pool losses. Nutrient starvation in the presence of chloramphenicol did not prevent amino acid catabolism. This enzymic activity is interpreted as providing P. aeruginosa with a selective advantage for survival during conditions of carbon or nitrogen starvation.
Pseudomonads are known to degrade a wide variety of substrates as carbon or nitrogen sources (19) , especially many amino acids (9) . It was previously reported that the native amino acid pool of Pseudomonas aeruginosa, grown in a minimal glucose medium, was rapidly depleted after glucose exhaustion (10); subsequent radioautography of the extracted pool and the culture supematant fluid revealed that, with the exception of methionine, all amino acids had been removed from both the growth medium, where they were present at low concentrations, and from the intracellular pool. These results are found to contrast sharply with those obtained with other microorganisms. Britten and McClure (3) found that Escherichia coli, starved for glucose or nitrogen or kept at 0 C, maintained highly concentrated amino acid pools for many hours under these conditions. These authors also observed that rates of amino acid transport decreased under conditions of carbon or nitrogen starvation. Mandelstam (15) demonstrated a progressive increase in the total amino acid pool when E. coli was starved for nitrogen. Previous results with P. aeruginosa (10) suggested that amino acid catabolism and perhaps transport were influenced by the presence of an oxidizable energy source, such as glucose, and by available ammonium ions.
In this investigation, the effects of carbon, nitrogen, or amino acid deprivation on amino acid transport and on the formation and maintenance of amino acid pools in P. aeruginosa were examined to elucidate the differences between this microorganism and E. coli in these aspects.
MATERIALS AND METHODS
Growth on amino acids as a sole carbon or nitrogen source. Amino acids (0.2%) were substituted for glucose or for the nitrogen source in minimal medium (10) . Only L-amino acids were used and solutions of these were sterilized by passage through a membrane filter 0.3 ,um in pore size (Millipore Corp., Bedford, Mass.). Growth studies were carried out at 30 C, in test tubes, employing a small inoculum (0.1%) of cells STARVATION AND AMINO ACID TRANSPORT ture, and maintenance of stock cultures have been described previously (10, 11) . The auxotroph was grown in glucose minimal medium supplemented with L-histidine (50 ,ug/ml).
Amino acid incorporation. The procedure used to follow the incorporation of 14C-amino acids into whole cells and cell fractions was essentially that of Britten and McClure (3) , and the measurement of radioactivity has been described (10) .
Starvation was in minimal medium (10) minus glucose for carbon starvation, with NH4H2PO4 replaced by KH2PO4 for nitrogen starvation, or with glucose minimal medium without histidine for amino acid starvation. Cells from cultures in late exponential phase were harvested by centrifugation at room temperature, resuspended at a concentration of 0.4 mg (dry weight) of cells/ml in minimal medium minus the appropriate nutrient, and incubated with stirring at 30 C in a temperature-controlled reaction vessel (10) . For rate studies, 1 ml of the starved cell suspension was removed at appropriate intervals and added to 3 ml of the same medium at 30 C containing 10-M of the desired 14C-amino acid. The suspension was stirred continuously, and 0.5-ml samples were removed over a 90-or 120-sec period at 30-sec intervals and filtered. Rates of transport were calculated from values obtained for total uptake by the cells.
The 14C-amino acid pool formed in carbon-starved cells was stable when washed with 2 ml of glucosedeficient medium. The labeled pool formed during nitrogen starvation, however, was readily washed out of the cells with 2 ml of nitrogen-deficient medium. The washing procedure for nitrogen starvation experiments is described in the text.
Chemical methods. Radioactive supernatant fluids were collected by filtration and reacted with 10-2 M 2,4-dinitrophenylhydrazine in 2 N HCl for 1 hr at 38 C. The keto-acid hydrazones were extracted into ethyl acetate and purified by extraction with 1 M Tris buffer (pH 11.0). The acid hydrazones were further extracted into ethyl acetate, and these derivatives were either assayed directly for radioactivity with a scaler model 181A (Nuclear-Chicago Corp., Des Plaines, Ill.) equipped with an automatic gas-flow counter having a thin-end window Geiger tube (NuclearChicago Corp.) or dried to a small volume and separated by paper chromatography in a solvent system of n-butyl alcohol-ethyl alcohol-ammonia (0.5 N) (70:10:20, v/v) as described by Smith (18) . The radioactive chromatograms were scanned for radioactivity with a model ClOOB Actigraph II (NuclearChicago Corp.) with a gas-flow counter equipped with a model 1620B analytical count ratemeter and chart recorder. Radioactive areas were cut from the chromatograms and placed in scintillation vials filled with a toluene scintillation fluid (Liquifluor, New England Nuclear Corp., Boston, Mass.); the vials were assayed for radioactivity in a liquid scintillation spectrometer model 725 (Nuclear-Chicago Corp.).
The isolation and separation of 14C-amino acid degradation products was carried out on Dowex 50 (H+) columns as previously described (11) .
Amino acids used as carriers for 14C-amino acids were obtained from Nutritional Biochemicals Corp., Cleveland, Ohio. Radioactive amino acids and 14C-glucose were purchased from SchwarzBio Research Inc., Orangeburg, N.Y. All radioactive amino acids were checked for purity by thin-layer chromatography and radioautography (10) .
RESULTS
Amino acids as a carbon or a nitrogen source. P. aeruginosa catabolizes most of the commonly occurring amino acids as a carbon or nitrogen source (Table 1) . However, cysteine, glycine, histidine, methionine, serine, and threonine were not used as a sole carbon source and, with the exception of glycine and serine, these amino acids were also poor sources of nitrogen.
Effect of carbon or nitrogen deprivation on amino acid transport. P. aeruginosa was starved for carbon and the rates of transport of various amino acids-representative of the various families of amino acid transport systems in this microorganism, e.g., aliphatic, basic, aromatic, and specific (W. W. Kay, Ph.D. Thesis, The University of British Columbia, 1968)-were followed ( Table 2) . Rates of alanine, glutamate, and glycine uptake increased progressively to the end of the 90-min starvation period, whereas the rates of leucine and valine uptake were found to decrease, and by approximately the same extent. These latter two amino acids, together with isoleucine, are transported into the cell via the same uptake processes. Other amino acids tested in this manner showed no significant change; therefore, it was assumed that there would also be no change in the rates of uptake for any of the amino acids which are transported by the same mechanisms. After carbon starvation, the original rates of transport could be restored by incubation for 60 to 90 sec with glucose, suggesting that the observed changes in rates of amino acid transport, either increase or decrease, were due to transient alterations in the intracellular environment and not due to irreversible changes in the transport systems per se. Further, whereas one group of amino acids showed an increased rate of transport and a second group showed no change, then at least with these amino acids it would seem that energy was certainly not a limiting factor in the functioning of these transport systems.
Similar results were obtained when P. aeruginosa was starved for ammonium ions for a period of 90 to 120 min. oxaloacetate, present at concentrations of 0.1%, no effect on transport was apparent. As these intermediates did not alter the activity of the two amino acid transport systems, then general regulation of amino acid transport activity in this microorganism by these kinds of compounds is unlikely. This is in direct contrast with results reported for E. coli (6) .
Glutamate, alanine, and glycine are present in relatively high concentrations in the pool of P. aeruginosa when grown on glucose minimal medium (10) , and an apparent inverse relationship between pool size and rate of transport has been demonstrated (10). It seemed possible, then, that the changes in glutamate, alanine, and glycine transport during starvation were the result of the depletion of the native pool levels of these amino acids, especially since the relative order of increase in rate of transport during starvation coincided with the relative concentration of these amino acids in the native pool (10) . Therefore, changes in rates of transport of these amino acids under conditions where neither carbon nor nitrogen became limiting were followed.
Effect of histidine deprivation on amino acid transport. When a histidine auxotroph of P. aeruginosa WK4 was starved for histidine, the rate of glutamate transport did not change significantly over a 2-hr starvation period, and the rate of proline transport was completely unaffected. Under these conditions, the native amino acid pool was not deficient, except for histidine. However, during a similar starvation period, the rate of valine transport was again found to diminish markedly-to less than one third of the pre-starved rate. These results suggested that the depletion of the glutamate, alanine, and, to a lesser extent, glycine pools may influence their respective transport rates. Further, the aliphatic transport systems of this organism are readily affected by some metabolite in the intracellular pool, perhaps even the pool level of aliphatic amino acids themselves, or the transport systems are much more susceptible to turnover than are the other amino acid permeases. The latter postulation proved to be untenable since the original transport activity which was reduced during carbon, nitrogen, or histidine starvation was subsequently restored by a very short preincubation period with the required nutrient. This strongly suggested a repression, not a loss, of the aliphatic transport system during nutrient deprivation.
Of considerable importance is the observation that for most of the amino acid transport families studied, changes in uptake rates during nutrient deprivation were not observed. This is significant from two aspects. First, it stresses the stable nature of the constitutive amino acid transport proteins in P. aeruginosa. Second, it illustrates that although the transport activity for glutamate, alanine, glycine, leucine, valine, and isoleucine may be affected by decreases in the native pool level of these amino acids, the majority of constitutive amino acid transport systems are unaffected by such decreases. The activity of the various amino acid transport systems in this microorganism, then, are obviously not all subject to identical mechanisms of regulation.
The changes in rates of transport that have been reported here were only transient and certainly did not significantly reduce the transport capacity of the cell. In general, it was found that the ability to transport amino acids was maintained during prolonged periods of starvation. For instance, when the ability to transport proline was tested periodically during a 10-hr carbon starvation period, the rate of proline transport was found to decrease by only 10%. These results suggested that in P. aeruginosa the amino acid permeases are unusually stable and that the maintenance of these permeases in fact may be physiologically important during nutrient deprivation.
Effect of nutrient starvation on pool maintenance. Since carbon-starved cultures of P. aeruginosa rapidly deplete their native amino acid pool (10), the stability of pools formed from an exogenous source during the course of carbon or nitrogen deprivation was investigated.
Exponentially growing cells were harvested and starved for carbod or nitrogen for 45 min, and the time course of uptake and the fate of 14C-proline were subsequently followed (Fig. 1) . Under both conditions of starvation, the added "4C-proline was rapidly removed from the medium and transiently accumulated in the intracellular pool. This was subsequently followed by a loss of label from the pool. From "IC-recovery data, it was found that during carbon starvation most of the label was lost (approximately 65%), presumably as '4CO2, whereas during nitrogen starvation the label was excreted back into the suspending medium and 100% of the 14C was recovered. Similar results were also obtained for other amino acids studied in this manner. Very low incorporation of labeled amino acid into the pool was observed when the filtered cells were washed with nitrogen-deficient medium; that is, the majority of the transiently accumulating radioactivity was easily removed by normal washing procedures. However, when nitrogen [0.1% (NH4)2SO4] was added back to nitrogenstarved cells and incubated for 15 min, normal rates of pool formation, pool stability, and 14C-amino acid recoveries were observed. This suggested that the presence of inorganic nitrogen affected either the activity of catabolic enzymes concerned with amino acid degradation or the permeability of the cell toward amino acids and that derepression of the synthesis of degradative enzymes probably did not occur. These marked changes in proline pool stability were not found to occur with the mutant P22, an organism unable to degrade proline. The amino acid pool formed under identical conditions to that with the parent strain was stable to the effects of nutrient dep- (Fig. 2) . The amino acid pool formed during nitrogen starvation in P. aeruginosa P22 was also stable to washing with nitrogen-deficient medium. This latter observation further suggested that the labeled material excreted by the wild-type, nitrogen-deficient cell was, in fact, no longer the original amino acid. Intmacelular amino acid pool during nitrogen starvation. Since the majority of the label in the pool from added "IC-amino acids was excreted into the medium during nitrogen deprivation, attempts were made to tentatively identify this material to determine whether the original amino acid had in fact been catabolized. With some amino acids, preliminary chromatographic analyses showed that labeled keto acids were present in the medium after pool formation studies with nitrogen-starved cells. Table 3 lists the recovery of added label as keto acid phenylhydrazones from the culture supematant fluids. These amino acids were chosen because of their close relationship to normal pathways of carbohydrate metabolism in this organism. In each case, all of the recovered label was present as pyruvate and a-ketoglutarate, two intermediates of glucose metabolism previously found to accumulate during nitrogen starvation in this microorganism (13) .
When a similar experiment was carried out with four amino acids not closely related to the main degradative pathways of carbohydrates, similar results were found (Table 4) . With these amino acids, nitrogenous products were separated from nonnitrogen-containing compounds by ion-exchange chromatography. Again, essentially all of the excreted label passed through the column, indicating that the amino acids had likely been deaminated. The only exception to this pattern was histidine; however, the ring nitrogen may have been retained. Although we have not been able to demonstrate a histidase in our wild-type strain, partial recovery of the added Cells were treated in the manner described in Table 3 . label as a nonnitrogen product indicated that deamination had occurred.
Amino acid pools formed during histidine starvation of a histidine auxotroph of P. aeru- Fig. 1) , and thus indicated that new enzymes synthesis did not occur during starvation.
DISCUSSION
The patterns of amino acid incorporation and pool maintenance found for P. aeruginosa during periods of carbon or nitrogen starvation differ markedly from those observed for E. coli by Britten and McClure (3) . In P. aeruginosa, only the aliphatic amino acid transport systems were found to decrease, and only to approximately one-half the normal level found with nonstarved cultures. The transport capacity of starved cells for other amino acids either remained essentially constant or increased somewhat, as shown for glutamate, glycine, and alanine. The explanation for the increase in activity of the transport systems for these amino acids is not unequivocal; however, studies with the histidine auxotroph suggest strongly that the intracellular pool level of these amino acids alters the rate of amino acid transport. The increase in transport rate is coincident with the removal of the intracellular amino acid pool (10) and, as such, could reduce inhibitory effects either of other amino acids or, more likely, of these three upon their own transport systems. It has been suggested that the glutamate transport system in E. coli is allosterically inhibited by glutamate (6, 7) . We also have demonstrated curvilinear double-reciprocal plots for the uptake of glutamate in this organism (Kay and Gronlund, unpublished data In E. coli, the transport of amino acids was shown to decrease markedly during carbon or nitrogen starvation (3); however, preformed pools were stable to prolonged periods of nutrient deprivation. Mandelstam (15) has shown that during nitrogen starvation the total amino acid pool increased significantly in E. coli. This increase has been attributed to the concomitant increase in protein turnover with decreasing protein synthesis. Only the aliphatic amino acid transport systems of P. aeruginosa were adversely affected during carbon, nitrogen, or amino acid starvation, and it is possible that the activity of this transport system was affected by the composition of the intracellular pool. An impaired ability of a vitamin B6-deficient Lactobacillus species to accumulate glutamate and other amino acids has been attributed to defective cell wall synthesis and, consequently, a reduction in the stability of the organism to external osmotic pressures (8) . Such an explanation does not apply to carbon-, nitrogen-, or amino acidstarved P. aeruginosa since only the transport of leucine, valine, and isoleucine were affected adversely. The activity of a tryptophan transport system in E. coli has been shown to be affected by changes in the composition of the medium (2) . Schlessinger and Ben-Hamida (17) demonstrated that in auxotrophs of E. coli, permeation of one amino acid could be regulated by the limitation of another. Also, starvation for uracil affected the permeation of amino acids. These authors suggested that this mode of regulation occurred at the level of amino acyl-soluble ribonucleic acid. In contrast to E. coli, the amino acid pools of P. aeruginosa did not increase during carbon or nitrogen starvation but were rapidly catabolized.
The amino acid permeases in this microorganism have very high affinities for their respective amino acids (10) , and the maintenance of these transport systems during starvation apparently provides this microorganism with a means of scavenging amino acids from the exogenous environment, even when present in very low concentrations. Coupled with this means of incorporating very low concentrations of exogenous amino acids is the ready ability of the organism to catabolize amino acids. During carbon starvation, amino acids are rapidly oxidized, and during nitrogen starvation, the amino acids are readily deaminated or transaminated. Thus, immediately upon entry into the starving cell the amino acids are able to serve as an energy or nitrogen source without VOL. 100, 1969 
